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ABSTRACT

An experimental study was p," 'formed to, determine the-

Snatuure of the disturbance ,to the fre,- stream density in tthe

vicinity of the leading ed'gne of a . A number of wedge

Sangles arzd leading edge thicknesces, trore chosen so- as to examine

the effect Qf geometry. The develop, nt of a modulation technique,

wherein: a two-dimensional wedge wa. transformed into a *pinning

* four-sector disc, ali6wed, the qitan, ,ty Ap, p=(x y) - p, to be

measured directly with. an accurac- ,omparable to that normally

attained in a measUrement of p. T'e experiments were performed

in, a free jet fI6w field.

TThe principal conq);us2:,is of this study are

I. The appropriate scr;li.ng length foal ups tream disturb-

ancle is Xbf' the body-free str•@x• mean-free-path.

2. A negligi~lIe infle, ce of leading' edge bluntness

on upstream density requires thivt the leading edge th~ickness

ohbey the relationship

TL.Ei ý-•:• bf

3. Upstream influenie is strongly affected by both

L.E. and w, the wedge total2 'angle.,

4. Limiting on-6xis values 'for Ap/p corresponding to

the infinitely-thin flat plate case (W + O, IL.E. ' 0) have beer,

determified by extrapolati'on for various values of X/X bf upstream.

At x tl, A bf' (AP/P)flat plate is 1- 5%.

5. When the d-isturbance 'region is scaled by Xbf over

a distahce downstream of the leading edge equal to m I Xbf

experimental data which cover the range 6 <11 < 26 and 0.25 <

Tb/To < 1.0 s1iow good agreement. In addition, Monte Carlo[results for M. 13, Tb/To = 0.1 exhibit equally good agreement.
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NOMENCLATURE

; Symbols

c Average thermal Velocity

D Effective diameter of free-jet orifice

I Intensity

M Mach number

n Number density

p Pressure

S ~Speed rat~io. 1=4
ý2 T~ 2

V Relative velocit.y between A free stream molecule
rel

and a molecule emi)ttec! by the body,.

x Length coordinate •parmllel to. free stream velocity

y Length coordinate perpendicular to free streami

velocity

Mean free path

p Mass d'ensity

A p p - P oo

a Collision cross section

T Thickness

Total wedge angle

I
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Subs cripts.

L, LE. Lead(iig edge

40 Fr~ee- sdtream con'ditions

b Body (model)' bonditions

bf Collision betweden 6, "bodyý" mblLý.ul~e and a cloud of

tree-stream molecules

[0 Stagnation conditions,

fb Collisi~on between a. free.-stri6-am molecule and a

cloud of ",bo-yI? moleculf-s



INTR6DUCTIOt

The hypersoni., flow 6v*er a flat, plate with sharp

6alding edge has bleni studied extensively during the past ten

y7ears• The inie.e'st ifii..his problem resultqs from theý fact that

,aproper dcsckiption of,,such a flow field in what have now been,

termed the "'kineti'ic ah-An 'Itransitional" rel-imes"'(,possibly a]o°b-

the early stages of the. "merpec-layer" regima)!,cannot be provided

by the Navier-Stokes equatibos of con-tin•uum gas dynamics.

Experimental evidence and the res•xits bf certamin approximate

theoretical treatments '(e-, -. g., Refs... .I--I-7-) 'have t:herefore

been \employed to construct a variety of flow models f',r theseIvon-contiinuum rerimes.

'Whereas theoretical studies of the problem have

always dealt with infinitely thin flat plates, it has long been

rea]lizid that in an experimental situat~ion the shape of the

leading, edge may have a marked influence on the development of

the flow above the, plate. 'The' criteria employed in many early

studies whieh concentrated oT the, strong and weak interacti'on

regions can be summirized• arA follows

If the wedge angle is .smal-ler than ,The Mach angle' and

if the wedge is "aerodynamically" sharp (i.e. thickness

of wedge not large compared to 'a free-stream mean-free-'

path), then the in-fluence of t'he edge geometry can be

nieglected.

Considerable evidence exists to support the view that such

criteria are not adequate when attention is focused on the

regions 'forward of and including the merged-layer regime. This

is easily visualized when one considers that the molecular fiux

to the plane of the leading edge is of order S. times larger

than the flux to the plane of the plate in the vicinity of the

leading edge. In addition, if one focuses attention on the

region upstream of and near to the plane of the leading edge,

it is seen from angular considerations that virtually all

reflected molecules found in this region come from the leading

edge and not the upper plate surface. Finally, the lower surface
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of all "flat" plates width f'inite bevel angle will alay~s

contribute more strongly to the flow disturbance imnediatel^y

upstream of the leading edge than will the supper surface.

Thus, it is clear that leadint: edge geometQj; i.e.,,

thickness and bevel angle; must. affect the flow u6strcam of

the leading edge and therefore must influence the initial stag'6s

of flow field development along the plate.

Previous studies which have contributed specifid

infcrmation regarding the effect of geometry on the upstreaMi,

influence (or on the dowhstream region a feir mean-free-paths

from the lea~ding edge) are briefly summarized in the fo'llowing

paragraphs.

Becker and; Boylan (Ref. 1) investigated the- effect of

wedge angle and leading edge thickness with the aid' of impact

probe surveys downstream of the leading edge ofea flat plate

in a hypersonie flow.

IHi~kman (Ref. 2) has made density s-tk)veys with an

electron beam probe upstream an•a downstream of the leading edge

of two flat plates with markedly different geometriles. In

addition, he has also surveyed the flow on the wedge-side. of the

same fl,4t plate (Ref. 3).

Joss and Bogdonoff in two separate papers (Refs.. h•, 5)

have presented experimental data obtained with an electron beam

probe, radiating hot wires, and surface pressure taps, in the

vicinity of the leading edge ,of a shar, i flat plate. The effect

of leading edge thickness was investigatad.

Vidal, Merritt, and Bartz (Ref. 6) have presented

surveys with a speed-ratio probe upstream and downstream of three

different leading-edge configurations.

To our knowledge, no theoretical studies have been

performed to study the effect of edge geometry on flow field

disturbances. However, as Vogenitz, Broadvell, and Bird (Ref. 7)

point out in their Monte-Carlo treatment of the infinitely thin

flat plate, "A few flow features (of the Monte Carlo results)

are not $.n agreement with the (experimental) data, and it may be

that the data are influenced by factors not represented in the



theory. In pardi•cu.Lr, leading edge thicknesses: small compared'

to X and small lower, surface angle• may still hav'ý' importapt

f effect-s on -high Mach number leading edge flows". (Notes in

parentheses 'are ours).-.

The previously-cited experimental studies, in our
opinion,-have not provided sxtifie-tly precise flow-field

informati6n under suitable conditions t: permit a systematic

itudy o# lhe effect of, leading edge geometry on flow-field

development in the vicinity of the leadinr edge. The obiectille

of the present research work is thus to pr-ovide further expe•I•

mental data on the density disturibance ahead of th1T- `di ng edge

and in the early stages of the kinetic region. To be considered

useful, the results are required to have sufficient ,recision

and to represent properly selected cot-ditions such that a syste-

matic analysis of the effect of leading edge geometry on flow

field development uan -be achieved.

In briei, a mapping of the flow density around the

model was performed with an electron beam fluorescence prqbe

(Ref. 18). A "modulation" technique was developed to improve

the accuracy of relative density measurements determined with

such an instrument. The objective of this technique is to obtain

directly the quantity of interest, namely 6p(x,y)B p(x,y•) - P

withdan accuracy comparable to the steady state measurement of

p(x,y). The hypersonic low-density flowias produced by a free-

jet expansion. The models were wedpges symmetric with respect to

the flow axis. A wedge was chosen rather than an asymmetric flat

plate because it was felt that a symmetric arrangement was more

appropiriate for a systematic study. The effect of different

total wedge angles (w) and 'leading edge thicknesses (TLE) on

Ap wqs studied. Bý extrapolating the results to the case w + 0

and 'O, the rondit'ions which° -l to a•rinfinitely thin

flat plate can then be re~vlized4

The foliowint \sections describe ,he principle of the

moduiation technique and its oporation in practice, the results

of density measurements in the vicinity of the leading edge

region fora variety of wedges in a hypersonic flow, and the

conclusions drawn from these results.



SDESCRIp'1IOP OF EXPERIMENTAL ARRANGEMENT

A. Principle of Modula-tion Teohnique

The basic quantit:y of interest at any p9int (x, y)

iii the Tlow field re&lat'i~vd to the model is

Iu

whichi in words, may bc expressed as

0diurbed -with model - ritibout r6del.

disvrbd f'reestream o r
P freestream r)w without mo,'.el

Wlih the classical method, employed in all earlier experimental

Swork, this quantity has been obta,4ned by performing two steady

4 •state measurements with an electron beam probe yielding odistirbod

and Pfreest-reaA separately. Because of instabilities and noise

problems inherent in the operation o-i an electron-beam probe,

such measurements have a limited accuracy. In regions where

'P disturbed and pfreestream differ only slightly from one another;,

the relative error in AO becomes so large as to prevent the

observation of any detailed flow variations. For the present

study a new measurement techniouc has been developed to overcome

this basic limitation. The objectives of this method are two-fold

- to bring oaut directly the maonitude of the disturbance, Ap,

with an accuracy comparable to that achieved when measuring p

- to obtain Ap and p, simultancously.

The principle underlyinr, the technique is as follows

if the model can be brought in and out of the flow periodically,

the density probe will measure, during one half-period, p ith model;

during the next half-period, p without model (i.e., p.). Tho arip.i-

tude of the square wave variation is thus directly proportionai

to the desired quantity, Ap. Taking advantage of synchronouz
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detection techniques (lock-in ,amplificationý), the accui.acy of

the difference measurement 'becomes comparable to the accura~cy

of an abs6lute one. In essence, one r-epeats two absolute measure-

ments & great many times and takes the average 6f the difference

over a long period. The D.C. component of the signal •can be-

measured simultaneously with the amplitude of the modulation..

From these two pieces of information, the ratio Ap/p can be

immediately computed. The procedure is outlined schematically

in -Fig. 1. Another advantage of this- method is that the result

is insensitive to changes in the response of the density prob'e

because they would act simultaneously on the quantities B and C

defined in the figure. Thus, the influence of changes (or drift)

* in beam current, beam focusing, sensitivity o-f photomultiplier

tube and optics, etc., is driastically reduced.

The use of a lock-in amplifier to measure the amplitude

of the signal sets a lower limit to the frequency with which the

,model can be displaced since the in'strument's performIance improves

with incr.easing frequency. Mechanical considerations will: set an

upper limit. The inertia of any model of reavonable size, excludes

a linear square-wave type displacement. To ovcrcome this problem,

a large-diameter four-sector disc (Fig. 2) replaces the conven-

tional two-dimensional wedge. With the disc spinmiing in the flow,

the desired modulation effect is achieved, providing the differ-

ence between the disc's outer radius and hub radius is ve.ry

small compared with a mean-free-path. If the extent of the region

of interest in the vicinity of the leading edge is small compared

to the disc radius, the disc then approximates a wedge of infinite

extent.

It should be noted that the effect of the transition

time (when the edge of each wedge sector passes the measurement

point) is not proportional to the ratio of transition time to

rotation period (as one might expect at first glance), but

rather to the square of this quantity and thus the transition

effect can safely be neglected. This is due'to the manner in
which the lock-in amplifier treats the signal - it is essentially

multiplied by a sine-wave in phase with the angular rotation of

mutple



the disc. Thus, ,just at the transition point, the signal is

multiplied by a very small factor (sine-wave value colose to

zero).

'D. Experimental Setup

The expertirent -was arrant-ed in the V.K.I. Low Density

Wind Tunnel (Ref. 19). A photograph of the iistallation is

shown in Fig. 3. Each wedge-shaped, disc model was mounted on

a shaft which in turn war, geared to the axis of a heavy-duty

synchronous motor. The rotation rate of the nodels wts chosen

to be 15 Hz; thus, the moduAaltion frequency was 30 Hz (two

"leadinr edges" per disc). The model axis csn be varied with

respect to the flou axis so that for examrle the flout around a

flat plate with bevel angle w may be studied wi.th the same model

Previously used as a wcdtge of totnl nangle w. A sirnal

proportionn.l to the rotational frequercy, used an the reference

frequency for the lock-in ampiifier, is provided by a resolver

fixed to the model shaft.

C. Electron Beam Probe end Associnteil lectronics

The fluorese-ence of an electron-beam is employed to

measure density. The beam is created by an oxide-coated TV-type

gun located in a fun chamber separated from the tunnel ambient

pressure by a two-staire differential pumping system. The optical

detector consists of a lens-slit-flexib]e li.ht guide - photo-

multiplier assembly (Fig. ii). The gun chamber and optics are

mounted on a three-dimens.onsl traversing mechanism located at

the base of the tunnel. The accuracy of the short-range posi-

tioning system is better than 0.1 amm. The photomultiplier is

fixed on the outside of a window in the wall of the tunnel and

is kept at room tem-perature.

As the sipnificnnt gradients in density occur in the

axial flow direction and as the beam has ar. unknown intensity

distribution ovrr its nearLy circulitr croc._-uEc'tion, s'n "effective"

beam dinenter ha• to be deterrined tt., delineate the volumn to
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which the measured density corresponds. This was done by using

the spinning disc as -; kwiFc. edge as shown in Fig. 5. The

electron current collected by the Faraday cup was recorded asn

the beam was moved axially across the disc-edge. The profile is

seen to be symmetric and quite linear in the central rcion. This

indicates that the current density over the majority of the beam

cross-6,ectibn is nearly constant. The test also demonstrates 'that

the irpingement of the electron beam on the sharp edge of a metal

surface does no• result in a noticeable deflection of the beam,

at least up to the point of -beam impact.

The electron beam was onerated during most of the tests

reported herein at 17 kV and 200 liamps cup current, Typically,

the cup current can be held constant to within ±3% by manually

adjusting the grid potential. However, as noted earlier, such a

variation is not important since absolute intens~ity (i.e., pO)

is measured simultaneously with the fluctuatinp component (i.e.,

4p).

The system which senses the intensity of fluorescence

is shown schematically in Fig. 2 where th•, essential components

are :

- photomultiplier (EMI 9502 S)'
electrometer (KEITHLY 610 B) for measuring the D.C. component

of the signal

low noise pre-amplifier plus filter (PAR CR-hi) for blocking

the D.C. component and reducing excessive A.C. noise at

frequencies other than 30 Hz

- lock-in amplifier (PAR JB-5) whose read-out is proportional to

the amplitude of the A.C. component of the signal.

D. Models

Four-sector discs having a diameter of 30 cm serve as

the models. Because the extent of the tent region is small with

respect to the curvature of the edge, the model approximates an

infinitely long wedge with straight leading edfe. The portion of

the disc which has a wedge-shaped cross-section extends for at
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least 5 cm behind the -leading edge. It can be easily appreciated

that high precision is required in machining each disc. Over

the complete circumference, the maximum variatibnz 'in leading

edge thickness is '0602 iam, the maximum variation in wedge angle

is 0,2°, and the maximum variation in disc radiuS is 0.05 mm.

The models were aligned by runninrg a needle, with its point on

the axis of the flow, along the cut in the disc at the edge of

a sector starting, from the center of the leading edge. Mis-align-

ment with the fleow axis was hei'd to well under 0•50 by this,

technique. No as-:ifmetry in density profiles at a fixed upstream

position was ever dctecvted within the limits of data scatter;

thus, the alignmen~t technique 'was sufficiently precise for the

present study.

The discs are couted wihli graphite to reduce both

optical reflection ahd the ernission of secondary electrons
resulting from the impinrerient of the beam on the disc surface

when the region downstrean of the leadcinL, edge is under inves-

tigation.

A number of' different models were employed spann'rng

the following ranges for the two variable geometrical parameters

(see algo Table 1)

Leading edge thickness :0.05 mm T . 0,5 mm

Weago total angle : 60 w < 200

E. Flow Field

The flow field erployed for these studies was a free

jet expikneion (9ef. 20). Using the electron beam fluorescence

probe, a number of expcrii-.ents vere performed to determine the

useable region of the expansion. Since all axial flou-field
parnameters are conditioned by the stornation pressure (PO) and

the posniion in the freo-jeL (x/D), their useful range is

determined by requiring thpt

- the upstream, iifluence of the Mach-disc rmould produce no more
than a 2% deviation betwcen the experincntally measured density

and the thtorctical invincid value at the measuremcnt station

I-
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the correction to flow field parameters due to viscous effects,

freezing, and condensation should be small because of the

inability to predict them accuratly. Condensation effects are

indeed negligible using criteria advanced in Ref. "1.

Furthermore, the other e&ffects are of secondary imqportance

for the prescnt prU'm-. The density disturbance field is

strongly ~conditioned by collisions betwcen molecules reflected

from the surfaces .6f the wedge and incoming molecules. ',The

¶ scattering characteristics of this collision process are

primr':ily a function of the velocity and direction of the two

classes of molecules. For the molecules leaving the body these

quantities are determined by the wall temperature and orien-

tation; while incoming mo I-e~ules are a&l close to terminal

velxcity in any case, if •the flow is hypersonic. In any event,

the correction to the Mach number as given by Ref. 22 was kept

less than 5% for all conditions of pb and x/D considered. It is

possible that moderate rotational f-reezing (Ref. 23, 21i) occurred

upstream of the measurement poinA• in some cases, but always

downstream of the point where th•e flow was already hypersonic.

In summary, the ranges 'of the relevant inviscid

theoretical flow parameters in the experiments reported herein are

- Gas • air

- Stagnation temperature : room temperature (' 300 0 K)

- Mach number : 6 - 11 (Speed ratio : 5 - 9 )

- Free-stream mean-free-path : 0.5 mm - 3.0 mm

- Orifice diameter : 5 mm.

A complete list of flow-field properties for the different runs

is, given in Table 1. The test region extended from 1 cm upstream

to 0.5 cm downstream of the leading edge. The magnitude of the

axial variation in free-stream flow properties over this region

is also given in Table 1.
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F. Calibration

The proportionality factor K between the output of the

lock-in amplifier and the amplitude of the :density disturbance

(AP) must be determinifted by a suitabl'e calibration. Two methods

were employed :

1. Using a function generator with a v.ariable D.C. bias, a square-

wave signal of known amplitude wv&s fed into the electrometer.

The amplitude of the square wave and the average value of the

signal were changed independently P.nd the electrometZr 'and

lock-in outputs were recorded. The results, normalized by the

average value, are plotted as closed circles in Fig. 6.

'2. In the process of making an- experimental run, the periodic

change in the signal, for pn.ints close to the le'ading edge,

is strong enough to be measured with an oscilloscope connected

betwieen the output of the electrometer and the input to the

preamplifier. The results, normalized by the average value of

method 1, are shown as open circles.

Comparing the results from these two calibration methoý,;.

the following conclusl'ons can be drawn

I. The proportionality factor is constant over the entire range'

of Ap/p.

2. Although the signal on the oscilloscope in the second method

is noisy, the R.M.S. deviation in the value of K is less

than 2%.

3. The average value of K determined by each method is virtually

the same. Since method 2 employs the spinning disc and

method 1 does not, this result indicates that the disturbance

is not distorted by the use of a sector disc and that

transition effects associated with the edge of each sector

are indeed negligible.

Method 2, which provides a direct calibration in a

true experimental situation, was used sy,'tematically in the

experiments and provided a check on the stability of the system.

A third method was used occasionally : the beam may be chopped

completely when moved downstream 6f the leading edge. By focusing
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on a point above the wedge (the beam emanates from below,), the

resulting signal is such that the amplitude of the modulation

"imust be equal to twice the b.C. component. The results of this-

test correspond 'to a single point on Fig. 6 (with toual spread

indicated). Thus the ratio of the rock-in output to the electro-

meter output under this conditionx provides a simple check. on the

calibration constant.
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EXPERIMENTAL PROGRAM'

A. Test Procedure

A number of preliminary experiments were performed.

to determine the regions in the flow where no spurious eifects

occurred due to the particular experimental arrangement.

1, As statei earlier, the free-jet was probed in tthe absence of

the model and thus the useable test region in the axial

* direction was delineated according to the criteria mentioned

Sin the section entitled "Flow Field". It was also /erified

that the density varied radially by no more than 2% over the

extent of the test region.

2, The minimum detectable upstream influence from the shaft and

hub region of the disc was found experimentally to be far

downstream (i.e., many tens of mean-free-paths) from the test

region.

3, A measurement of the fluorescence very close to the model

surface with no flow (but with the model spinning to enable

very small signals to be recorded)may indicate a finite Ap

when no signal should be observed at all. This result is

clearly due to the combined effect of optical reflection and

beam impingement on the model (for regions behind the leading

edge). The extent of the test region was therefore always

limited to that portion wherein the error in Ap/P so intro-

duced was less than 5%.

The final data were recorded by performing a large

number of radial scannings at different axial distances from the

leading edge for each model. By cross-plotting the results a map

of the density disturbance over the entire test region may be

constructed. The density disturbance, Ap(x,y) is normalized in

each case by the local free stream density, p 0,(x,y). For a given

model, different maps were produced by varying the stagnation

pressure so as to change A.,and by varying the leading edge
position so as to change Mach number. Although the Mach number

was varied from 6 to 11, most of the data presented are for
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SMoo 9. No Mach -number- ef~fect w as eVident :in, thee tests r-eported

herein.

B. •Results

An example ;of a typical set of :data i-s shown in

"" Fig. !.ý. Each data point is the unreduced output of the lock-in

amplifier. The radial profile "/q,,tending equally- far on both

si-des of the axis indicates th~at the isturbanee1 Apt is indeed

symmetric. Full radia-l pr6f:ldls were reorded for each model: as

a check on alignment. It should be noted that the scatter in 'the
results is reasonab-ly low eve'n f1or the smallest value o2 the

clisturbance. The profiles -;il exhibit a single maximum on the

axis, even for the ease of the wedge with the smallest total

angle (60) and l.eading edg.,e thickness (0.05 mm).

Figs. 6 and 9 present two examples of a two-dimen-
sional disturbance map. The flow conditions are indicated. In

Fig. 8, the case for the smaller mean-free-path, initial stages

of the formation of a shock wave downstream from the leading edge

are clearly seen. Note- also that the region of maximum gradient

occurs in- a plane passing through or slightly behind: th'e leading

edgei The disturbance to the free -stream d- nsity is seen to

exist many mean-free-paths upstream of ie leading edge.

The on-axis ups~tream infiuence produced by four

10o wedges with distinctly dif'\'erent values of leading edge

'thickness (ranging from 0.05 mm to 0.90 mm) is shown in Fig. 10.

If the decay is linear on a semi-log plJot, it has an exponeitial

dependence whose e-folding length is of interest. Thus, based

on the particular experimental conditions, four straight lines

are drawn on the figure whose slopes correspond to e-folding
lengths of X ,b 2 Nbf' and (taken roughly as S Xb -

Afbf fb wbf

see, e.g., Ref. 16).

(i) The quantity Xbf is the mean-free-path of a molecule leaving

the body in question and colliding with a- free-stream molecule.

It is defined as

(see next page)



It is noted that the experimental, curves for the

Swedges; with-the two- smallest values of are quite straightý,

are parallel to one another,. and have e-folding lengths of

2i2bf. -For the cases involving the larger values of T

('some curvature is eviaenced, ,ilthough restricting one's attention

to the region very close to the leading edge, an e-folding length

of 2 Xbf might still be cor.jectured. At any rate, A. (which in

'the gener-al case is nSt a simple multiple of X ) seems not to
bf

'be the appropriate s.-aling length, based on th'ese results and

others in -which X /X varied from 1.3 tfo 1.8. In addition,

obvious theoretical conbiderations Iresult in the rejection of A

as an appropriate scaling length for this type of problem and in

fact reinforce our feeling that Xbf is a molre reasonable choice.

We will use A as a normalizing factor in much of what follows

and will comment further on i•ts utility later on.

Lines of constant fdensity for wedges with different

total angles and leading edge thicknesses (normar-ized by Xbf).

are shown in Fig. 11 which presents selected examples from a

large quantity of data. The contours are r'etermined by ap;propriate

cross- lottinG from data used to construct figures similar to
Figs. 8 and 9. The influence of 7 L.E. and (o on the disturbance

'field is clearly seen and follows the expected trends. It would

be preferable to draw each contour line with a finite width

to illustrate the uncertainty in these results. The positions

iiorresponding to tp/p of 2%,,'5%, and 10% on the axis for' the case

X~ b
bf a I4vrellJ)njl rell

where (IVrel) is evaluated using the intermolecular potential,

derived from viscosity data ,, given in Ref. 25 at a temperature
appropriate to the relative velocity of the colliding spee, es.
Its evaluation depends on the angle between colliding species.
Under the conditions encountered in these experiments, the value
of Abf for a head-on collision differs by o'nly v, 20Z from the
value for a right-angle collision and thus an average of the two
is employed herein unless otherwise explicitly stated. It should
be noted that Xbf/AM varied from 1.3 to 1.8 in these experiments.

r
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where the geometric -Variables are extrapolated to zero E. 0E.

W 0) are shown in the lover-ieft square. This point will be
S! Ai,-.icussed 1later.

In Fig,, T2,, the variat'ion of AO/p with the parafIeter

[r Af E is pjesented'-for two different spatial locations
bf L.E.

upstream of the leaý,ing edge and for three different wedge angles

as well as for a flat plate with bevel &ngle of 60. Distances

are normalized by Abf. It should be r;tresse'd that the values for

the abscissa were arrived at by choosing different values of both

Abf (i.e., the results of tests with di'fferent po's) and -.

S(i.e., the results- bf 'tests with different "discs" having the

same val-ue of w but varko9us values of TL.E.). This fact accounts

.for the greater degree of scatter than is observed on a density

map around a single wedge at one specific set of flow conditions.

Nevertheless, the trends are clear : a decrease in T 1 9 results

in a decrease of Ap/p; likewise, an increase in w results in an,

increase of Ao/p. Note the important influence of TL.E. on Ap/p

even when -L.E. << xbf"

Similar plots shave been made at nearly a dozen

normalized distancesý ),,stigeam of the leading edge., A selected'

set of such plot- 'is shown in Fig. 13. Again, the striking feature

of these plots is the marked: influence of the leading edge

bluntness on the density disturbance in rerions many mean-free-

paths upstream from th6 leading edge. Looking, for instance, at

ia point (x/pbf = is Y/Xbf 4.2) for w = 100, it may be concluded

that if Ap/e is to be within N 20% of its limiting value for
1C 0, ~~the ratio Xbf/- mutceryblagrtn50

•L.E. f •L.E. ms lal elre hn5
This implies that the distance fron- the leading edge at which

finite bluntness is no longer important must be much gi-eater
than 100 TE. In general it may be concluded that X /T

L*o fL.E.
must be at least greater than 50 in these experiments if the

effect of T LE on Ap/p is to be small.

This conclusion appears to support the conjecture

by some researchers (e.g., Ref, 7) that the condition for

"sharpness" is mitch more stringent than sinply TL.E. << A"

f Rather, when one considers the relative role played by the blunt



leading edge and the upper (and' lower) surfaces of a plane plate,

taking into account angular effects, the conditioT nL.E << X b/Sa
sejms theoretically more valid. As our results suggest that

Abf /• must be clearly greater than 50 (perhaps as large as 100)

before the influence of T oni Ap/p upstream is negligible for the

case of S., -T'; ioes, (L.E. SWA bf)exp < 010.1); they lend

support to this more stringent c,,riterion.

Some caution must be 6bserved in asd'essing these
results, however. The smal).est values of Xbf are of the same order

as the diameter of the electron beamt thus data points in regions
of larpe gradients must be considered as representing some kind

of overall average value for the quantity AP/P. Yn addition,- the

models with t'he minimum leading edge thickness (N0.05 mn) may have
oeen characterized by a variation in leading edge thickness of
as muich as ±0.01 mm. The data points corresp6nding to tivese 4alues

of TLE thus are representative of some kind of average value

for TL, where the stress ir. on the word average. In our opinion,

neither of'these factors could be responsible for a qualitative

change in 'the results. However, a precise quantitative inter-
pretation of the data is probably not justif'ied, particularly

when Ap/p 4 2%.

The upstream influence of an infinitely-thins flat
plate can be determined in priii.iple by extrapolating the results

of the wedge data to the limits of w. - 0 and T + 0. Since
only three wedge. angles (60, 100, and 200) were examined in this

study, and since a variation in Ap/p with TLE at a given station
is 'still observed for, Xbf/TL.E. >, 50, the conclusions of such

(an extrapolation must be viewed With caution. However, they do

repi, esent the first experimental results which can be compared

unambiguQusly with existing theoretical treatments (e.r., Refs.

7 and 9), all of which are valid only for the infinitely-thin

fl~t plate. Tze extrapolated values for Ap/p at three different
upstrear. locwiions are shown in the lower left graph on Fig. 11

and are cited an the next paoe
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"" 2% 2 .1-2 .3

-%5% 1.0-1 .2

0.1-0.3

The results apply only to the particular experimental-ronditions

1in- •5uiestion (unless of course XbT is an all-inclusive correlation

parameter, a point which has certainly not yet been proved); i.e.

6 < m4 < 11 (primarily at M1 9) and Tb To.

To put the results of the upstream influence

measurements into a form useful to other experimenters, Fig. 1h4[ has been' prepared which shows the normalized spatial location

-,of the "5%" disturbance point (i.e., Ap/p 5%) upstream of a

wedge as a function of leading edge thickness and wedge total

angle. For given wedge geometry (specified by w and T .
L.E.

the graph shows the axial distance at which a measurable (i,e.,

"0-5%) disturbance is found, More importantly, the graph indicates

the strong coupling that exists between TE. and w. CertainL R .

generalizations can be made foi- limiting cases. If X bf/¶LF > 10,

then a variation in Xbf/TL.E. produces a relatively minor effect

on the upstream disturbance for values of w > 150 or 200;' i.e.,

the wedge angle dominates. For (d to have a small effect on Ap/p,

it is clearly seen that it must be much less than 50, but the

value of Xbf/TL.E. must be specified within a certain range

before a more precise statement can be made.

An extrapolation of the experimental results to

w + 0 and TL. ÷ 0 indicates as seen in Fig. 11 that the 15%"
disturbance point will be found at x/X 1. Thus, a geometry

as extreme (from the machining point-of-view) as Xbf h= 50S"f L.E.
and w = 100 (see Fig. 14) will produce a "5%" disturbance at

an upstream distance twice that of the w 0, = L.. = 0 (infini-

tely-thin flat plate) case.

Figure 14 may also be used in another fashion.

Since each of the two curves represents the spatial location

SI-
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for a "5%" disturbance, a particular experiment, corresponding

to given Xbfý TL.E., and c, will specify a point on the plot

which in general will not coincide with one of the two curves.

If the point lies to the right and below a curve corresDonding

to a -given value of 'X/Abf, it means that the' density disturbance

Sat the given value-of /X/ bf will be more than 5%. Conversely,

if the point lies above and to the left of the curve, the

density disturbance will :be less than 5% at the given value of
X/Abf-. Thus, the figure may serve as an approxS,3ate design chart.

C. Comparisons with other Resilts

A precise comparison of the results presented in,

this report with the. work of other researchers is difficult

because few studies have been made with a wedge and -none, to our

knowledge, have dealt with the upstream influence of such a shape.

That the upstream influence of a wedge of total angle w is

different from that of a flat plate of bevel angle t is clear

on physical grounds (the latter is characterized by an asymmetric

transverse density profile with a maxlmum value lying below the

plane of the plate) and is demonstrated exnerimentally on Figs.

12 and 13 for the case of w = 60. Nevertheless, a few general

comparisons can be drawn.

Joss and Bogdonoff (Ref. h;) find, for the case
m = and A • L 30 (where we have computed on the basis

bf L.E.
of thetir flow conditions that X -A 1.6). that AO/p = 12%

bf 00tat~/~ 2at X/Abf 3. For a wedge having the same geometric parameters,

we find Ap/p = 6% at X/Abf 3. Since we have shown that Ap/p

will increase significantly if a wedge of total angle t is trans-

formed to a flat plate of bevel angle t, their results are not

inconsistent ,with ours. (A similar halving of Ap/p is found at

X/Abf 1 as, well : from N 50% to N 25%).

Lillicrap and Berry (Ref. 12) studied the flow

field around' a 150 bevel-angle flat plate with X / E 35
bf L.E.(for their case, we compute Xbf/M = 0.8). They find Ap/p = 5%

at a value of X/Abf v 2.5 and a Ap/p L 20%-30% at X/Abf =.
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An exAtoination of Figs. 13, and 14 (ecaliing again that these

graphs apply only to a wedge) also shows theh;r results to be

consistent with our findings.

In Hickman's experimentý. ,ef, 2,, the ,upstrea:a fie3fd
of his 100 bevel-angle flat p'late is ui-hanged when he replace,

his model with a thin sheet (T 0..05' ~) .undr tendo5 As

he does not quote the thickness of his* flat pate it cannot be

determined whether both models might have prodcjic nearly the

same disturbance simply because they were charaet,-rized by

'similar values of . Nevertheless, the scatter ir hi4a -resu't1;

in the vicinity of the leading edge where Ap/p is of ord er "o%

eliminates any -possibility of conclusivaely settling this point.

(An absolute accuracy of '5% fox p in quoted; thus the value Of
(Ap/p) could range from 5, to 15%.), leading edgec

In the previous section, extrepolated results for

the case w -• 0, T L.E, ') 0 ,(the infinitely-thin flat plate) were

presented. It is of interest to compare these results• with those

obtained by other experimenters, at x/ = 1. Fortuitously,
b f

X bf/TL.E. 30-35 for each of the following cases

(1) T L.E. Ap/p at x/Xbf I

J+B 200 0,.025 mm % 50%
(Ref. 4)

L+B
(Ref. 12) 150 ' 0.01 mm 20-3054

(Ref. 2) 100 0.05 mm 5-10%
.and 00 (for 00 case)

Present
(extra-
polated) 00 0 ,N 5%

Hickman does not specify xL.E. for his 100 wedge. Ile concludes,
as discussed earlier, that the upstream disturbance for the
two cases reported was the same.
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The.results follow a logical trend and illustrate the

difficulty in producing an experimental situation which approxi-

mates the theoreti~cal case of an infinitely-thin flat plate.

It was mentioned earlier that one set of density profiles

was recorded for the case of a flat plate with a 60 bevel angle

and a Xbf /TL.E. = 15. This test was carried out so that a direct

comparison of our results could be made with those obtained by

other investigators who have concentrated on the flat plate

problem. The region examined was from 3 to h Abfýs upstream to

12 bf 's downstream of the leading edge. (Some data were recorded

for values of bf/TL.E. as large as 75, but only extend to

2-3 Xbf's downstream of the leading edge'). A "5%" disturbance

L line (which might be called the boundary of the disturbance

region) was then constructed.

Vogenitz, et. al. (Ref. 7) have compared their Monte

Carlo (M.C.) results (see their Fig. 6) in the format of a 5%

density disturbance line on a (x/XX, Y/) dia~gram tith the

results obtained by Joss, Vas and Bogdonoff (Ref. 26) and Becker

(Ref. 13). The former data show poor agreement with the M.C.

results, but this may have been due to an unfortunate choice of

data because a lvAKer paper by Joss and Bogdonoff (Ref. h) presents

results which show reasonably rood agreement (*0%') with the 4.0.

results, except near the leading edge where the experimental

results show a thicker disturbance region. Our data and that of

Lillicrap and Berry (Ref. 12) show a "5%" disturbance extending

much farther away from the plate than predicted by the M.C. theory

(.:oughly 75-100% in the former case and 25-35% in the latter case).

Note that our data represent a "hot-wall" case (Tb TO), Lillicra1p

and terry's a "cool-wall" case (Tb 0.5 To), and Joss and Bogdonoff's

"- "cold-wall" case (Tw = 0.25 TO). The M.C. results were computed

for the case Tb = 0.08 TO; i.e., a cold wall case.

If all the data are presented in terms of distances

normalized by Xbf instead of X , the agreement becones signifi-

cantly better, as shown in Fig. 15. Our data are present'ed in a

band to illu.;trat the degree o1p uncertainty we feel should be

bapplied to the regults. Excert for the data of Jos and Bogdonoff
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(Ref. h), which now define a thinner disturbance region, the

remaining data show remarkably good agreement considering the

wide variati-on in flow conditions. From these results we conclude

that Xbf is a more appropriate variable than X to characterize

the extent of the disturbance region in the vicinity of the

leading edge.

The quantity Xfb' which is roughly equal to S Ibf for

the flat plate geometry, has also been discussed as a useful

correlation parameter whein examining, the relaxation of the free

stream molecules as they pass through a cloud of' body molecules

(Ref. 16). This picture sugggests that distan normal to the

flat plate should continue to be normalized by Xbf' but that

distances parallel to the plate might be norimalizcd by Xfb

The results are shown in Fig. 16. A major improvement 'in corre-

lation over rouphly one Xfb is secn to occur, particule•rly with

respect to the Jos and Bogdonoff (Ref. );) results. The 'upstream

region is less well correlated, but perhaps it should be consi--

dered as part of the disturbance field and therefore perhaps the

upstream distances should be normalized by X bf as before,

The agreement between the experimental results (a).l

for a diatomic gas - N2 ) and the M.C. results (monatomic - hard

sphere) are probably to some extent fortuitous, allthough ore

might be tempted to argue that a quantity such as density -

particularly when one is lookinp for the spatial location of a

weak disturbance boundary - should not be strongly inf'luenced

by molecular structure.

Some caution must be shown in evaluating the results

shown in Figs. 15 and 16 because of the necessity to convert

the conditions employed by other researchers into the parameter

X bf It is believed that the aonvcrsion factors are at best only

approximately correct, but they are at least self-consistent.



-22-

CONCLUSIONS

An experimental study was per-formed to determine

the nature of' the disturbance to the free stream density

in the Vicinity of the leading edge of a wedge. A number

of wedge angles and leading edge thicknesses were chosen

so as to examine the effect of geometry. The development

of a modulatioh technique, wherein a two-dimensional wedge

was tranformed into a s;.nning four-sector disc, allowed

the quantity Ap = n(x~y) - p. to be measured directly with

an accuracy convparsble to that normally attained in a

measurement of p. The experiments were perforiied in a free

jet flow field.

The principal conclusions drawn from the results

o" this study are

1. The mean-free-path of a molecule leaving the body and

colliding with a free-stream molecule, Xbf' appears to be

the most satisfactory sealing length in the upstream region.

2. The criterion for a ccgligible influence of leading edge

thickness on the upstreiam density is more severe than earlier

realized. A ratio of Xbf /L.E. > 50 (even for wedge angles

of only 60) is required to bring Ap/p to within - 20% of the

limiting value found when Tr.E 0. The criterion,

T L.E. << Xbf/SW

valid on physical grounds for a flat plate appears to be

confirmed, but further experiments at much larger Mach numbers

are still necessary to furnish finLal proof.

3. A strong coupling ex•i.ts between wedge aiqgle and leading,

edge thickness. Unless (o it; less than 5), it appears nearly

impossibir, to reduce thc upstr.iam influence to the Values

repre-sentative of a truly infinitely-thin Miat plate
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simply by adjusting the leading edge thickness. Although

such a finding, in conjunction with the conclusion above,

casts doubt on the applicability of virtually all measurements

previously made within a few mean-free-paths downstream of the

leading edge of a. flat plate; it should be stressed that the

effect of an upstream disturbance, which differs from that

due to an infinitely-thin flat plate, on the dounstream

properties of interest in not known at present.

4. A qualitative chart predicting the extent of upstream

disturbance as a function of bf// L.E and (, is now available

for use by other researchers. It holds for the case of a

wedge; however, it sets a lower limit for the flat-plate

case as well because the on-axis disturbance from a flat

plate is always larger than for a wedge with the same values

of (o and TL.E.

5. Limiting on-axis values for hp/p corresponding to w -+ 0

T -* O (the infinitecy-thin flat plate case) as a function

of position have been determined

Ap/p, % ,/X ,b

""2 2.1 - 2.3

% 5 1.0 - 1.2

S10 0.1 - 0.3

6. It is tentatively concluded that Xbf is the correct

scaling length for the disturbance region upstream and above

a flat plate in a region Vl'ich extenfts r 1 Xfb downstream from

the leading edge. This conclusion appears valid for cold-wall

and hot-wall hypersonic flows.

"y. The Monte Carlo treatment for the case of fn infifnitely-Lhin

flat plate predicts liamits for the dvrisity dinturbane, region

which agree with mceasurements when Xbf and Xfb are used to

normalize, respectively, the coordinates perpendicular and
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parallel to the plate surface.

The foll6wing limitations to this study should be

kept in mind

1. The model uas a disc and thus only approximated a 2-D
wddge-. However, the measurenment zone was small compared to

the disc radius..

2. The flow field was a source floii, not a paral.cl flow.

Although all Ap's were n6rnialized by the local value of p.,

molecules ref:'ected upstream were moving into a region of

increasing p.-

3. The tran.iformantion of data expressed in terms of X_ to

-data e xpressed in terms of Xbf may' be dangerous when all

flow conditions are not precisely known., The results

presented by some rese-archers may 'have been inadvertently

misrepresented herein for this reli~son.
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TABLE I EXPERIMENTAL CONDITIONS

A. WEDGE GEOMETRY

Model No. L ., ,m)

;1 I0•35o .009

2 10.50 0.39

3 10.150 o,\9h6

1C.--3° 0•9

5 19.80 0.36

6 6.30 0.085
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TABLE 1 'EXPERIMENTAL CONDITIONS (Cont'd)

C. EXPERIMENTAL PROGRAM

A B C D E F

x x x x x

2 x x x x x X

3 X x X

x x

X x

6x x x

6( x x x

Asymmetric wedge; i.e. flat plate with bevel angle of 60
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